as atmosphere forcing SST. Wind becomes a dominant forcing and demonstrates robust negative relationship with SST and positive relationship with rainfall/LHF. Both coupled and uncoupled models are able to reproduce this observed relationship. In wind-SST relationship, compared to uncoupled and observed variables, the coupled model produced the smallest SST variances and therefore the strongest negative coupling feedback. Sensitivity experiments were also carried out to examine the roles of coupling by directly comparing differences between the coupled and uncoupled experiments with initial temperature perturbations. It is showed that the differences can be up to 50 % of the standard deviations of the variables. Rootmean-square errors of the uncoupled model can be effectively reduced by ~65 % in the coupled model.
Introduction
The South China Sea (SCS) is the largest marginal sea to the southeast of the Asian continent, extending from 5°N to 25°N and from 100°E to 120°E. The total area of the SCS is about 3,500,000 m 2 , with an average depth of ~1,200 m and a maximum depth of ~5,500 m. The SCS is a semi-enclosed ocean basin, surrounded by a narrow shelf along the coast of the southern China and a wide continental shelf (Sunda shelf) on its southwest bound (Fig. 1a) . It connects in the northeast to the western Pacific through Luzon Strait and in the southwest to the Indonesian seas through Karimata Strait. On one hand, the SCS is relatively isolated with remarkable local atmosphere-ocean Abstract Based on 10 year climatological data and simulations from a regional atmosphere-ocean coupled model , this study examined the coupled seasonal and intraseasonal variability of atmospheric-oceanic variables [sea surface temperature (SST), winds, rainfall and heat fluxes] and important roles of coupling in the South China Sea. It is showed that even though both coupled and uncoupled models in general are able to capture observed seasonal and intraseasonal variability, the coupled model demonstrates stronger coupling relationship than the uncoupled model. For seasonal variability, the atmosphereocean relationship is presented as SST forcing atmosphere. Atmospheric variables are significantly influenced by strong seasonally-varied SST. The coupled model very accurately reproduced the observed SST variation with a stable equilibrium state, while SST from the uncoupled model gradually drifted away from the equilibrium state lacking of the so-called negative SST-heat flux feedback. Lead-lag analysis showed that the coupled variables demonstrated stronger SST-atmosphere relationship than the uncoupled and even observed variables. For intraseasonal variability, the atmosphere-ocean relationship is presented 1 3 interactions. On the other hand, situated on the intersection between Pacific and Indian Oceans and between Asian and Australia continents, the SCS is significantly influenced by the adjacent seas, tropical oceans and monsoon systems. Therefore, understanding the atmospheric-oceanic variability in the SCS is crucial for the regional climate system.
The SCS is a unique ocean basin that affected by four monsoon systems: East Asian monsoon, Indian monsoon, western North Pacific monsoon and Australian monsoon. It was generally thought that the East Asian summer monsoon starts in the SCS (Murakami and Matsumoto 1994; Wu and Wang 2000; Wang and Lin 2002) , which motivated the South China Sea Monsoon Experiment to study the South China Sea monsoon (Lau et al. 2000) . South China Sea monsoon plays an important role on the SCS circulations, which was first interpreted by Wyrtki (1961) as oceanic response to monsoon winds. The SCS circulation, also known as South China Sea Through Flow (SCSTF, Wang et al. 2006a, b, c) , transforms cold and salty water of western Pacific through the Luzon Strait into warm and fresh water outflowing through the Karimata Strait (Qu 2000; Fang et al. 2009a; Du and Qu 2010; Xu and MalanotteRizzoli 2013) . Sea surface temperature (SST) in the SCS is primarily driven by atmospheric heat fluxes (Chen et al. 2003a, b; Lestari et al. 2011 ) and secondarily by the intrusion of western Pacific and wind-induced upwelling (Liu and Xie 1999; Liu et al. 2001a) . It demonstrates strong seasonal variability due to solar radiation and evaporation cooling (Liu et al. 2001b; Qu 2001 ) and remarkable intraseasonal variability due to monsoon winds Wu 2010) . The precipitation and evaporation in the SCS are strongly associated with monsoon winds and SST, with a wet season from June to November and a dry season from December to next April (Jiang and Qian 2000; Wang et al. 2006a, b, c) , which in turn shapes the local SST. Surface heat and moisture fluxes are also especially important for the SCS Zhang et al. 2012; Wang et al. 2013a) , which gains heat from the atmosphere at a rate of ~20-50 W/m 2 per year and is a recipient of heavy rainfall with an annual mean value of ~0.2-0.3 Sv for the entire basin (Qu et al. 2009 ). For the regional physical oceanography in the SCS, a recent review can be found in Wang et al. (2013b) .
The coupling relationship among the atmosphericoceanic variables in the SCS have been extensively investigated in previous studies, based on the lead-lag analysis (Liu et al. 2004; Wang et al. 2006a Wang et al. , b, c, 1997 Xie et al. 2007; Wu 2010; Sui et al. 2012; Zhang et al. 2012; He and Wu 2013) . Using 11 years of space based observations, Liu and Xie (1999) studied the seasonal changes of the monsoons and oceanic response. They found that wind speed determines the latent heat flux which is a significant factor influencing SST variation, except in the northern SCS where SST variation is affected mostly by winter monsoons. Based on Hamburg Ocean Atmosphere Parameters and Fluxes from Satellite (HOAPS) data, Wang et al. (2006a, b, c) examined EOF distributions of SST, latent and sensible heat fluxes from 1988 to 2002. They found that the three variables are closely associated with monsoon winds. Using climatology records from multiple sources, He and Wu (2013) found that the seasonal SST variation in the SCS is primarily contributed by the net heat flux (NHF) and secondarily by winds. SST feeds back to precipitation and wind fields by modulating lower-level convergence and atmospheric stability. Based on TRMM and NCEP data, Wu (2010) investigated intraseasonal variations of SST, winds, and heat fluxes. They found that intraseasonal SST changes are mainly induced by winds and rainfall anomalies, and large SST changes may also feedback to atmosphere.
While the previous studies well documented the multiscale variability among the atmospheric-oceanic variables, most of them were based on climatological data obtained from different datasets, as no any single dataset can provide long-time and complete atmospheric-oceanic variables. For example, as summarized from the previous studies mentioned above, the heat fluxes were obtained from NCEP/OAFlux/ECMWF, rainfall measurements from TRMM/GCPC, winds from NCEP/ECMWF/QuikSCAT and SST from OISST/GISST/SODA. While these variables of different sources can capture a basic pattern of atmospheric-oceanic variability, they usually have relative coarse resolutions, and the most importantly, they are not dynamically coupled each other. This deficiency may affect the analysis of the atmosphere-ocean relationship, especially for those small-scale interactions in space and time.
On the other hand, the atmosphere-ocean relationship can be examined by means of numerical models which can provide fully-coupled atmospheric-oceanic variables. While most of the numerical studies were based on global models (Wu and Kirtman 2005; Wu et al. 2006; Pegion and Kirtman 2008) , the studies using high-resolution regional coupled models are rather less, especially in the SCS. This is probably due to the highly complex topography and bathymetry surrounding the SCS basin which requires a very high resolution of model grids to resolve continental shelf/slope, straits and archipelago. Even though there exist some regional coupled models previously developed in this region, none of them fully resolved the entire SCS and surrounding maritime continents and oceans/seas. Ren and Qian (2005) developed a regional coupled model to simulate the East Asian Summer monsoon. Their model domain excludes almost completely the Indonesian archipelago with the southern boundary at 5°S. Fang et al. (2009b) developed a regional coupled model to simulate the summer climate over East Asia. Their domain excludes the Indonesian archipelago and Indian ocean, but includes a large area in the western Pacific ocean, with the southern boundary located at the equator and the western boundary at 100°E. Li and Zhou (2010) developed a regional coupled model over East Asia with a model domain similar to Fang et al. (2009b) , but the southern boundary is set on 10°N.
One of major challenges in simulating the climate variability in the SCS is how to represent accurately the local atmosphere-ocean-land interactions and the remote atmosphere-ocean fluxes transferred from adjacent oceans/ seas into the SCS. Based on an unstructured grid ocean model (FVCOM), Wei et al. (2013) successfully developed a high resolution regional coupled model with a minimum resolution of ~7 km (Fig. 1b) , covering the entire SCS, the Indonesian archipelago, and a large section of western Pacific and eastern Indian Oceans. By comparing with observations, Xu and Malanotte-Rizzoli (2013) examined the ocean component (FVCOM) for two decades (1960s and 1990s) with an emphasis on the ocean states. Compared to ocean-only simulations and observations, Wei et al. (2013) validated the fully coupled model with an emphasis on the interannual climate variability in the Maritime Continent. The present study, based on the same coupled model, is going to examine the coupled seasonal and intraseasonal variability in the SCS and important roles of the atmospheric-oceanic coupling.
The rest of the paper is organized as follows. Section 2 first describes the data used in this study to assess the coupled and the uncoupled model results, followed by brief descriptions of the coupled/uncoupled models, model configuration and experiments. Section 3 describes the seasonal variability from observations and comparisons with the coupled/uncoupled simulations. Section 4 first describes the intraseasonal variability from observations and comparisons with the coupled/uncoupled simulations, followed by analysis of two sensitivity experiments. Summary and discussions are given in Sect. 5.
Data and model set-up

Data
We used climatological data as a reference to validate the coupled/uncoupled simulations. Similarly, due to the incompleteness of one single dataset, the climatological data were extracted from different sources. Monthly data were used for analysis of seasonal variability, in which SST was from the simple ocean data assimilation (SODA) reanalysis (Carton et al. 2000a, b) , surface winds at 10 m, rainfall and heat fluxes from ERA-40 reanalysis. Daily data were used for intraseasonal variability, in which rainfall measurements and SST were from the Tropical Rainfall Measuring Mission (TRMM, Huffman et al. 2007 )/ Microwave Imager (TMI). Wind data and heat fluxes were from NCEP/NCAR re-analysis (Kalnay et al. 1996) . SODA re-analysis is a data assimilation product with a resolution of 2.5° × 0.5° in longitude and latitude in the tropics, combining all the worldwide available observations at all ocean depths with the GFDL POP (Parallel Ocean Program) global ocean circulation model for the period 1871-2008 (http://www.atmos.umd.edu/~ocean/). The ERA-40 re-analysis is provided by the European Centre for Medium-Range Weather Forecasts (ECMWF), with a resolution of 2.5° × 2.5° from 1957 to 2002 (http://apps.ecmwf.int/datasets/). TRMM project is a join mission between NASA and the Japan Aerospace Exploration Agency (JAXA) to provide tropical rainfall measurements and cloud-penetrating SST maps, with a resolution of 0.25° × 0.25° in longitude and latitude from 1997 to present (http://pmm.nasa.gov/TRMM). The NCEP/NCAR re-analysis is a gridded data set incorporating numerical weather prediction and observations, with a resolution of 2.5° × 2.5° from 1948 to 2008 (http://www.ncep.noaa. gov/).
The regional atmosphere-ocean coupled model
The atmosphere-ocean coupled model used in this study adopts RegCM3 as the atmospheric component, FVCOM as the oceanic one, and OASIS3 as the coupler. The RegCM3 was originally developed at the National Center for Atmospheric Research (NCAR) and is now maintained by the International Center for Theoretical Physics (ICTP). It includes several options for representing important processes such as moist convection and land surface physics. The dynamical core of RegCM3 is based on the hydrostatic version of the Pennsylvania State University/NCAR Mesoscale Model Version 5 (MM5; Grell et al. 1994 ) and employs NCAR's Community Climate Model Version 3 (CCM3) atmospheric radiative transfer scheme (described in Kiehl et al. 1996) . Planetary boundary layer dynamics follow the non-local formulation of Holtslag et al. (1990; described in Giorgi et al. 1993) . Ocean surface fluxes are handled by Zeng's bulk aerodynamic ocean flux parameterization scheme (Zeng et al. 1998) .
The oceanic component of the coupled model is an unstructured grid Finite Volume Coastal Ocean Model (FVCOM), originally developed by Chen et al. (2003b) . FVCOM solves the momentum and thermodynamic equations using a second order finite-volume flux scheme, which combines the advantages of finite-element methods for geometric flexibility and finite-difference methods for computational efficiency (Chen et al. 2006a, b ). The Mellor and Yamada level 2.5 turbulent closure scheme is used for vertical eddy viscosity and diffusivity (Mellor and Yamada 1982) and the Smagorinsky turbulence closure for horizontal diffusivity (Smagorinsky 1963) . The most important feature of FVCOM adopted in the coupled model is its flexible unstructured grid which allows us to design an effective model grid with varied resolutions according to the complex topography and coastline in the SCS region.
In order to keep synchronization of RegCM3 and FVCOM, the two models were integrated forward simultaneously managed by the coupler, OASIS3, which interpolates and transfers the coupling variables of different resolutions from the source grid to the target gird. For more information, please see Wei et al. (2013) who originally developed the coupled model and presented detailed model descriptions and validations.
Model setup and experiments
The atmosphere domain is set from 85°E to 142°E and from 20°S to 30°N (Fig. 1a) . The horizontal resolution is 60 km with 18 uniform vertical sigma layers, from the ground surface to the 50-mb level. The ocean domain covers the entire SCS, Indonesian archipelago, and large sections of the western Pacific and eastern Indian oceans (Fig. 1b) . The horizontal resolution varies from ~7 km along the shelf break and in the straits, to ~10 km along the coastlines, to ~50 km over Sunda shelf and deep SCS, and ~200 km along open boundaries. The open eastern and western boundaries have purposely been chosen to be in the two ocean interiors to prevent boundary effects, such as spurious wave reflection, from affecting the SCS. The sigma coordinate is used in the vertical and is configured with 31 layers (finer at surface and coarser at depth). The water depth at each grid is interpolated from the 5-min depth data base ETOPO5.
The model was first spun up from 1960 to 1969. RegCM3 was initialized and forced at boundaries by ECMWF ERA-40 climatology and exchanged surface fluxes every 6 h with FVCOM. FVCOM was initialized using temperature and salinity fields from a global model, MITgcm. The temperature (salinity) at the boundaries was relaxed to the MITgcm simulation. To obtain a stable monsoon circulation, sea level along the open boundaries at the Pacific and Indian Oceans was forced perpetually by weekly SSHA from the MITgcm, and the surface wind was gradually ramped up and updated every 6 h from RegCM3. In addition, to establish a realistic atmosphere-ocean interface thermal structure, a flux correction was used during the model spin-up. Specifically, the SST was relaxed to SODA SST with a depth dependent nudging factor, ranging from 0.2 s −1 in shallow water and decreasing to 0.001 s −1 in the open ocean. The coupled and uncoupled simulations of the 1970 to 1979 were used for analysis. The coupled simulation was restarted from the end of the 60 s, but with no SST relaxation applied. The uncoupled simulations were carried out by RegCM3-alone and FVCOM-alone models, restarted from the end of the 60 s as well. The configuration of the RegCM3-alone model is the same as the coupled RegCM3, except that the ocean SST is prescribed by GISST re-analysis. Similarly, the FVCOM-alone model adopted the same configuration as the coupled FVCOM, except that the surface fluxes are prescribed by the fluxes from the RegCM3-alone simulations.
Seasonal variability in the SCS
Comparison of observed and simulated atmosphericoceanic variables
Due to seasonal south-north progression of the Sun over the tropical region, all atmospheric-oceanic variables in the SCS demonstrate prominent seasonal variability. Figure 2 shows evolutions of monthly SST, NHF, wind speed and rainfall averaged over the SCS domain from coupled/uncoupled simulations, and from observations. The observed SST is from SODA, and the observed atmospheric variables from ECMWF ERA40. All variables demonstrate dominant seasonal cycles in the first order, and notable intraseasonal wiggles in the second order, especially for winds and rainfall. To assess the coupled/uncoupled results, correlation coefficients (R) and root mean square errors (RMSE) between model variables and observed ones are also presented in Fig. 2 . Among all the variables, the coupled SST is in the best agreement with observations (R = 0.96 and RMSE = 0.34 °C). Uncoupled SST, driven by prescribed heat fluxes, gradually drifts away from the climatology state with a downgraded correlation coefficient (R = 0.74) and higher RMSE of 1.27 °C. NHF, representing 4 heat flux components: latent heat, sensible heat, long-wave radiation and short-wave solar radiation, is the most important forcing to modulate SST, which can in turn influence the 4 components. Compared to the observed NHF, the model NHFs are slightly overestimated, while the difference between coupled/uncoupled NHFs is very small in terms of values of R and RMSE. The evolutions of coupled/uncoupled winds are in a reasonable good agreement with observed winds (R = 0.72 for coupled and 0.65 for uncoupled). However, the coupled/uncoupled winds again are slightly overestimated compared to observed winds. While both coupled and uncoupled models are able to simulate the seasonality of rainfall with reasonable R and RMSE (R = 0.78 for coupled and 0.6 for uncoupled), the difference between the model and observed rainfall is notable. The model rainfall generally shows higher rainfall and more intraseasonal wiggles than observed one. This is likely due to high resolution of model grids, which resolves more details of mountains around the SCS basin.
Improvement of the coupled simulation over the uncoupled one is also prominent in horizontal views. Figure 3 shows differences between coupled/uncoupled variables and observed ones of 1970-1979 in the SCS. With prescribed SST, the uncoupled model (RegCM3-alone) produces abnormally high NHF over the southern SCS and along the northern shelf of the SCS (Fig. 3b) , which results in warm bias in the uncoupled SST (Fig. 3a) . The uncoupled wind shows a systematically overestimation of wind speed (up to 2 m/s) all over the entire SCS domain but with large values basically along the coast (Fig. 3c) . The discrepancy may come from model parameterization, ocean SST condition and resolution as well. Further, the uncoupled rainfall produces wet bias in the northern SCS and dry bias in the southern SCS. The maximum bias is generally located near coast, to the west of Philippine islands and the Borneo island (Fig. 3d) , indicating that the rainfall bias is most likely due to the land/mountain effects. On the other hand, the coupled model overall improve the uncoupled simulations to different extents, for example, more effectively for SST and NHF and less for winds and rainfall, more improvement over the SCS basin and less near the coast.
Comparison of EOFs of observed and simulated variables
To further understand the seasonal variability of observed and model variables and the coupling relationship, we compared their spatial distributions of empirical orthogonal function (EOF) and corresponding principal component (PC). Figure 4 shows the 1st EOF modes of observed SST, NHF, wind speed and rainfall, and the same variables from the coupled and uncoupled simulations. The EOFs of all variables were calculated based on monthly mean from 1970 to 1979. Since the units of the variables are different, all variables were de-mean and normalized by their standard deviations before calculating the EOFs. In Fig. 4a , the 1st EOF modes of SST account for 88.4, 64.6 and 82.2 % of total variance for SODA, uncoupled and coupled SST, indicating their dominant seasonality. For SODA SST, the spatial distribution shows prominent high variances along the northern shelf of the SCS, with a tongue extending southward along the coast of Vietnam. The variances gradually decrease to zero near the equator. The distribution of the uncoupled SST, however, shows a very high variance (>0.06) in the gulf of Beibu, and high variances to the west of Luzon strait and over the Sunda shelf. The coupled model improves the uncoupled one by increasing the variance west of the Luzon strait and decreasing the variance in the southern SCS. It is noted that the low variance along the northern shelf in the model is due to persistent cold water intruded from Taiwan strait, which is not presented in the SODA SST.
In Fig. 4b , the 1st EOFs of NHF account for 78.2, 65.2 and 65.1 % of total variance for ECMWF, uncoupled and coupled NHF. The distributions of observed and model NHF are similar with a north-south pattern similar to SST (Fig. 4b) , which is obviously associated with the northsouth progression of solar radiation. The general northsouth distribution of NHF and SST indicates a strong NHF-SST forcing relationship, in which the solar radiation of the Sun is the most important factor to drive SST changes. Compared to the observed NHF, the uncoupled model underestimates the variance along the northern shelf, while the coupled model greatly increases the variance through SST-NHF feedback. Intruded cold water from the Taiwan strait suppresses ocean evaporation and latent heat flux, and therefore enhances NHF. In Fig. 4c , the 1st EOFs of winds account for 65.8, 47.2 and 50.8 % of total variance for ECMWF, uncoupled and coupled winds. The distribution of ECMWF winds shows a high variance west of the Luzon strait extending all the way to the southern SCS, and gradually decreases towards coast and the equator. However, the uncoupled wind shows a Uncoupled -Obs.
Coupled -Obs.
different pattern with a maximum of variance in the southern SCS. The main discrepancy of observed and uncoupled results is in the northern SCS, which is probably due to the effects of the Taiwan and Philippines islands which are not resolved in ECMWF given its 2.5º resolution. The coupled winds generally is similar to the uncoupled one but with some improvement right above the Borneo island and to the west of the Philippine islands using ECMWF as a reference.
In Fig. 4d , the 1st EOFs of the rainfall account for 58, 36.9 and 33 % of total variance for ECMWF, uncoupled and coupled rainfall. The observed rainfall shows high variances over the central SCS basin with a maximum located 200 km to the west of the Philippines islands. In contrast, the uncoupled model shows a very high variance of rainfall right on the west of the Philippines islands and zero variance in the southern SCS, which again is likely due to the effects of Taiwan/Philippines islands. On the other hand, the coupled model suppresses the rainfall maximum on the west of the Philippines islands, and overall increases slightly the rainfall in the entire SCS basin.
While we used ECMWF reanalysis as reference, they incorporated measurements from different sources and their resolutions cannot fully resolve the details of islands/ Figure 5 shows decadal averaged annual cycles of the 1st PC between SST and the atmospheric variables: NHF, LHF, wind speed and rainfall for observations and coupled/uncoupled simulations. It is clearly showed that NHF leads SST for all three cases, confirming the NHF-SST forcing relationship (Fig. 5a) . However, the leading time is different, about 2 months for observed NHF-SST, 1.5 months for the uncoupled one and less than 1 month for the coupled one. The observed LHF leads SST by 2 months, the same phase with the NHF, and the observed wind leads SST by 1 month (Fig. 5b) . In contrast, the model winds are almost coincident with model LHF, however, the uncoupled wind/LHF leads SST about 1.5 months and the coupled wind/LHF is almost in the same phase with the SST. On the other hand, the observed rainfall lags SST about 1 month and the coupled model shows the similar relationship (Fig. 5c) .
The uncoupled rainfall, however, lags SST in its onset season of March to June and leads SST in its retreat season of September to December. Figure 5 indicates an atmosphere-ocean relationship of SST forcing atmosphere for seasonal variability in the SCS. The seasonal change of ocean SST, primarily driven by north-south progression of solar radiation, greatly influences the evolution of monsoon winds, rainfall, LHF and therefore NHF, which in turn modulates the ocean SST. Overall, the coupled variables show a faster atmosphere-ocean response time than the uncoupled and observed ones.
Intraseasonal variability in the SCS
Intraseasonal variability of observed variables
The first EOF modes of the observed and model variables demonstrated dominant seasonal variability, while we also noticed remarkable intraseasonal variability shown as wiggles in Fig. 2 . In this section we will focus on the Given the incompleteness of these datasets, for intraseasonal comparison we chose SST from TRMM/TMI in 1998-2007 and atmospheric variables from NCEP in the same period as a reference. Climatology and seasonal trend were removed from the daily means of the variables, in which climatology was defined as 10-year mean and the seasonal trend as a 60-day running mean. Figure 6 shows intraseasonal variations of observed winds against rainfall, SST and LHF of the year of 1998. It is showed that the intraseasonal variations of the atmosphericoceanic variables demonstrate remarkable correlations in time scales of ~10 days. In Fig. 6a , the rainfall anomaly is small from January to April (dry season), and rapidly increases at about day 130, which is so-called SCS summer monsoon (SCSSM) onset. After the SCSSM onset, the evolution of the rainfall anomaly is highly coincident with wind anomaly, indicating a positive wind-rainfall relationship. In Fig. 6b , SST anomaly in general evolves inversely with the wind anomaly. Negative wind anomalies accompany SST warming, and positive wind anomalies coincide with rapid SST cooling. In Fig. 6c , LHF anomaly basically follows the wind anomaly, especially after the SCSSM. NHF anomaly is very similar to the LHF (not shown). This relationship indicates a relationship of atmosphere forcing SST: wind-evaporation-rainfall-NHF-SST mechanism. On one hand, positive wind anomaly enhances evaporation and LHF. On the other hand, it enhances convective rainfall and cloud coverage. Both decrease NHF and successively the ocean SST. Figure 6 shows reliable positive wind-rainfall-LHF and negative wind-SST in observations. Since the observed variables are in the different period with model simulations, we are not going to directly compare the evolution of the variables, but statistics of their relationship. To quantify the relationship among the variables, variance ellipses with orientation and ellipticity were calculated using EOF. The variance ellipse between two correlated variables is determined by semi-major and semi-minor axes which are the first and second EOF modes of the variables. The orientation of the ellipse is defined as the angle between the semi-major axis and x axis, and ellipticity is the ratio of semi-minor and semi-major axes. To unify the variables of different units, SST, wind, LHF and rainfall were normalized respectively by 1.09, 4.03, 205.5 and 10.9 which are standard deviations of the observed variables of 1998-2007. Figure 7 shows scatter plots of wind-rainfall, wind-SST, wind-LHF and the corresponding variance ellipses of observed variables in 1998 and coupled/uncoupled variables in 1970. Orientation angle and ellipticity of the corresponding ellipse are marked in each plot. In Fig. 7a , the orientation of the observed wind-rainfall (O = 39°) indicates the positive wind-rainfall relationship, and the ellipticity (E = 0.39) indicates the degree of linear relationship (1-circle and 0-line). Generally, both coupled and uncoupled models are able to accurately reproduce the observed wind-rainfall relationship in terms of orientation and ellipticity. The difference between the coupled/ uncoupled simulations is very little. In Fig. 7b , the negative observed wind-SST relationship is also well reproduced by model simulations, but the uncoupled ellipse with O = −38 and E = 0.7 indicates higher SST variances (weak wind-SST constraint) than observed one and the coupled wind-SST shows the strongest wind-SST constraint. In Fig. 7c , while the models also reproduce the positive wind-LHF relationship, the model shows much stronger wind-LHF relationship than observed one. Figure 8 summarizes the statistics of orientation angle and ellipticity of observed variables for 1998-2007 and model variables for 1970s. For wind-rainfall, the observations and simulations are very similar in terms of orientation and ellipticity over the 10 years, indicating a very robust relationship between wind and rainfall anomalies. For wind-SST, coupled variables show overall smallest orientation angle (smallest SST variances) compared to uncoupled and observed ones. This is reasonable as the coupled SST is constrained more effectively by atmospheric variables through the wind-evaporation-rainfall-NHF-SST negative feedback. The orientation angles of the uncoupled variables are overall the largest as the uncoupled model which completely excludes the atmosphere-ocean constraint. On the other hand, the coupled wind-SST shows a consistently smaller ellipticity (higher linearity) than the uncoupled one. For wind-LHF, the 10-year statistics of variance ellipse confirms a stronger model wind-LHF relationship than the observed one.
Comparison of observed and simulated intraseasonal variability
Roles of atmosphere-ocean coupling
The difference between the coupled and uncoupled simulations demonstrates the roles of atmosphere-ocean coupling. Figure 9 compares differences of SST, NHF, wind speed, LHF, rainfall and divergence of wind fields between the coupled/uncoupled simulations. In Fig. 9a , SST difference is up to 1 °C which accounts for about 50 % of the intraseasonal SST anomaly. NHF difference is highly coincident with SST and leads SST by a few days. Wind difference is highly coincident with LHF but is opposite to SST/NHF. Rainfall difference is coincident with the wind/LHF but is opposite to wind divergence. These results indicate a SST-wind-evaporation-rainfall-NHF coupling mechanism. On one hand, the SST difference changes wind/LHF, and then NHF which in turn changes SST as well. On the other hand, the SST difference influences wind divergence and then rainfall. In Fig. 9c , positive SST difference corresponds to wind divergence and less rainfall, and vice versa.
To further examine the SST influences on the atmospheric variables, we carried out two SST perturbation experiments to observe responses of the atmospheric variables. Experiment #1 is an uncoupled model run in which the prescribed SST is persistently increased by 1 °C. Experiment #2 is a coupled model run in which the initial model temperature is increased at all-depth by 1 °C. Figure 10 shows the evolution of the difference between the experiment #1 and the reference experiment without perturbations. With increased SST of 1 °C, LHF is immediately enhanced and remains positive over most time of the year with a mean value of 30 W/m 2 , while NHF is negative with an opposite phase to LHF and a mean value of −45 W/m 2 . On the other hand, increased SST enhances wind and rainfall as well, with a mean of 0.84 m/s and 4.5 mm/day respectively over the year. Noted that wind is again highly coincident with rainfall in this case.
The result of experiment #2, shown in Fig. 11 , is much different from the experiment #1. At day 0, LHF is enhanced to 38 W/m 2 and NHF is about −45 W/m 2 , indicating that NHF is mostly dominated by LHF component. NHF gradually increases as LHF decreases with time. Due to negative NHF, SST gradually decreases as well from day 0 to 130. In this period, SST is basically modulated by the NHF-SST feedback, while wind and rainfall are not very sensitive to the SST perturbation. At day 130, roughly the time of the SCS summer monsoon onset, the wind/rainfall increases suddenly, resulting in a rapid decrease of NHF and SST. After day 130, wind/rainfall starts oscillating with a ~10 day period and SST is mainly controlled by the windevaporation-rainfall-SST feedback described in the Sect. 
Summary and discussions
Based on 10 year climatological data and simulations from a high resolution regional atmosphere-ocean coupled model, this study examined the coupled seasonal and intraseasonal variability of atmospheric-oceanic variables (SST, winds, rainfall and heat fluxes) in the SCS and roles of coupling in the atmospheric-oceanic relationship. Model variables were first assessed against the observations. It is showed that both coupled and uncoupled models in general are able to capture the observed seasonal and intraseasonal variability, while the coupled model demonstrated stronger atmosphere-ocean relationship than the uncoupled one and even the observations in some aspect. For seasonal variability, atmosphere-ocean relationship in the SCS is presented as SST forcing atmosphere. Seasonal variation of SST strongly influences winds, rainfall, latent heat fluxes. The atmospheric variables in turn can modulate SST to some extent. For intraseasonal variability, the atmosphere-ocean relationship is presented as atmosphere forcing SST. Intraseasonal wind anomaly shows reliably positive relationship with rainfall and latent heat flux, and negative relationship with SST. In the comparison of the seasonal variations, model variables showed different degree of agreement with observations. The coupled SST is in the best agreement with SODA SST among all variables. This is likely due to the successful model spin-up in which the coupled model SST was relaxed to SODA SST for 10 years of 1960s. In the simulation of 1970s, the negative feedback between the atmosphere-ocean variables constrains the coupled SST towards a stable equilibrium state. On the other hand, initialized with the same ocean condition but driven by prescribed heat fluxes, the uncoupled SST gradually drifted away from the equilibrium state without constraint of the atmosphereocean feedback. All model atmospheric variables were consistently overestimated compared to observed ones, which may be partially due to the difference of resolution of observations (2.5° × 2.5°) and model grid (60 km) and partially the model bias. Overall, to some extend the coupled atmospheric variables outperform the uncoupled ones with better correlation coefficients and smaller root-meansquare errors (RMSE) with observations. In the comparison of the EOFs, the coupled variables show shorter lead/ lag time compared to the uncoupled and observed ones (Fig. 6 ). This indicates that the coupled variables respond much quickly in the fully coupled model, while the uncoupled and observed variables represent their own variability without a dynamical feedback.
In the comparison of the intraseasonal variations, given incompleteness of climatological dataset and the reliable relationship of atmosphere-ocean variables in the SCS as shown in previous studies, we compared the statistics of the model relationship of 1970s with observations of 1998-2007. Generally, the coupled and uncoupled models are able to reproduce the observed atmosphere-ocean relationship. For wind-SST relationship, the orientation angles of the coupled simulation are overall smaller than the uncoupled one, indicating a smaller variance of coupled SST due to the constraint of the atmosphere-ocean feedback. For wind-LHF relationship, the observed variables show much weaker relationship than the simulated ones (Fig. 8) . This is probably due to the fact that (1) the winds and LHF data are not dynamically coupled, and (2) the model overestimates influence of winds on LHF which can be significantly affected by SST and relative humidity as well.
While observed/re-analysis variables, extracted from different climatology datasets, were used as references in this study, they are not fully coupled indeed and usually with relative coarse resolutions. The difference between the coupled simulation and the observations is not only due to the model bias but also due to the deficiency of the observations. The improvement of the coupled model over the uncoupled model is significant, especially for SST and heat fluxes. The actual differences of coupled and uncoupled SST can be up to 50 % of the standard deviations of their intraseasonal variances (Fig. 9a) . On the other hand, the sensitivity experiments with SST perturbation suggested that initial SST bias can spread to atmospheric variables, while RMSEs of the coupled model with the same initial SST perturbation are effectively reduced by about 65 % compared to the uncoupled model.
